To investigate the kinetics and mechanisms of extracellular protein release by Helicobacter pylori, we analyzed the entry of metabolically radiolabeled bacterial proteins into broth culture supernatant. At early time points, vacuolating cytotoxin (VacA) constituted a major extracellular protein. Subsequently, culture supernatants accumulated many proteins that were components of intact bacterial cells. This nonselective release of proteins was associated with a decreasing turbidity of cultures and loss of bacterial viability, indicative of an autolytic process. The rates of VacA secretion and autolysis were each influenced by medium composition, and therefore these may be regulated phenomena. Extracellular release of proteins by H. pylori may be an important adaptation that facilitates the persistence of H. pylori in the human gastric mucus layer. Moreover, entry of proinflammatory proteins into the gastric mucosa may contribute to the induction of a mucosal inflammatory response.
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Helicobacter pylori are noninvasive gram-negative bacteria that colonize the gastric mucosae of more than half of the world's human population. Gastric colonization by H. pylori is consistently associated with a mucosal inflammatory response and is a risk factor for peptic ulcer disease and gastric malignancies (6, 10, 18, 22) . The mechanisms by which H. pylori colonization leads to gastric mucosal inflammation are not yet well understood, but entry of proinflammatory bacterial components into the mucosa may be contributory. One such bacterial component, urease, has been directly localized within the lamina propria by immunohistochemical staining (15, 20, 21) .
H. pylori proteins that are secreted or released into the extracellular space may play important roles in enabling H. pylori to persistently colonize the gastric mucosa and may be relevant to the pathogenesis of H. pylori-associated diseases. Several previous studies have analyzed the release of H. pylori proteins into broth culture supernatants during bacterial growth in vitro (3, 5, 7, 29, 35) . One of the proteins found in broth culture supernatants is a vacuolating cytotoxin (VacA) that alters the morphology and function of gastric epithelial cells (4, 23) . H. pylori broth culture supernatants also contain an assortment of additional proteins, including urease and heat shock proteins (HspA and HspB), which in most bacterial species are localized exclusively in the cytoplasm (3, 5, 7, 29, 35) . The pathways by which these proteins enter the extracellular space are not yet completely understood. Therefore, in this study we sought to investigate the kinetics and mechanisms of extracellular protein release by H. pylori.
MATERIALS AND METHODS
Bacterial culture conditions. H. pylori 60190 (ATCC 49503) is a cag ϩ strain containing a type s1a/m1 vacA allele (8) . This strain was routinely grown at 37°C on blood agar plates (Trypticase soy agar containing 5% sheep blood) in room air supplemented with 8% CO 2 . Broth cultures were inoculated by scraping bacteria from plates into sterile 0.9% saline solution and immediately adding this suspension to liquid media. The initial optical density at 600 nm (OD 600 ) of all cultures was about 0.13. Broth cultures were agitated with a rotary shaker and incubated at 37°C in room air containing 8% CO 2 . Bacterial growth was monitored by measuring the OD 600 of cultures at serial time points, using uninoculated culture media as blanks. Concentrations of viable bacteria in broth cultures were quantified by plating 10-l aliquots of appropriate 10-fold dilutions on blood agar plates. Plates were incubated at 37°C for 3 days, colonies were counted, and results were expressed as CFU/ml.
Metabolic labeling of bacterial proteins. H. pylori were serially passaged at 24-h intervals on blood agar plates and then inoculated into sulfite-free brucella broth (SFBB) (16) supplemented with 20 to 50 Ci of [
35 S]cysteine and [ 35 S]methionine per ml (Express protein labeling mix; NEN Dupont), 0.025% (wt/vol) finely granulated activated charcoal, and 10 g of vancomycin per ml. Activated charcoal was placed adjacent to culture flasks to absorb volatilized radioactivity. At varying times, 15-ml aliquots of the culture were removed and centrifuged at 17,000 ϫ g for 20 min at 4°C to remove bacteria. Proteins in the broth culture supernatant were precipitated by the addition of 70% (wt/vol) solid ammonium sulfate. H. pylori proteins also were radiolabeled in methionine-and-cysteine-free RPMI 1640 medium (GIBCO BRL) containing 10 g of vancomycin per ml.
Analysis of radiolabeled H. pylori proteins. Radioactivity in preparations of bacterial cells and preparations of concentrated supernatant proteins was quantified by liquid scintillation counting (5 to 10 l per 4 ml of Envirosafe) (ANOROC Scientific, Hackensack, N.J.). Equal amounts of radioactivity (0.5 ϫ 10 5 to 1 ϫ 10 5 cpm) were loaded onto 12% polyacrylamide gels, and proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with the method of Laemmli (19) . Following SDS-PAGE, 35 Scontaining gels were soaked in Entensify (NEN Dupont) according to the manufacturer's instructions, were vacuum-dried at 80°C for 1 h, and were exposed to X-ray film (full-speed blue film; Kodak) with an intensifier screen at Ϫ70°C.
Analysis of extracellular membrane blebs. To identify proteins that may be components of extracellular membrane blebs, H. pylori cultures were centrifuged at 17,000 ϫ g to remove intact bacteria, and the culture supernatant was recentrifuged at 100,000 ϫ g for 60 min at 4°C. Putative membrane bleb preparations and soluble proteins were analyzed by SDS-PAGE and silver staining.
N-terminal sequence analysis. H. pylori proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) paper (Bio-Rad) by electroblotting for 30 min at 50 V in 10 mM CAPS (3-cyclohexylamino-1-propanesulfonic acid) buffer (pH 11). After Coomassie blue staining, the bands of interest were excised, and N-terminal sequence analysis was performed with a PE Biosystems Procise 492 protein sequencing apparatus in the Protein Chemistry Core Laboratory of Vanderbilt University School of Medicine. N-terminal amino acid sequences were identified by searching for matches in the known genome sequence of H. pylori 26695 (34) .
RESULTS
Time-dependent extracellular release of radiolabeled H. pylori proteins. To investigate the kinetics and mechanisms by which H. pylori proteins are released into the extracellular space, we metabolically labeled H. pylori proteins during growth in liquid media and analyzed the entry of radiolabeled proteins into the extracellular space at serial time points. During growth of H. pylori 60190 in SFBB medium, bacterial proteins were effectively radiolabeled by the 8-h time point, but radiolabeled proteins were not detected in any substantial quantity in the culture supernatant at this time point (Fig. 1) . At the 24-h time point, the most prominent radiolabeled supernatant protein migrated as an 87-kDa band, which was detected in only trace quantities in the bacterial cell pellet. Most other supernatant bands detected at the 24-h time point corresponded to major bands in the bacterial cells. At the 48-h time point, the supernatant contained numerous dense bands that were also present in intact bacterial cells. The size of the 87-kDa band detected in the culture supernatant at early time points corresponds to the known molecular mass of VacA (4, 5) . To determine whether the radiolabeled 87-kDa band indeed represented VacA, wild-type H. pylori 60190 and an isogenic strain containing an insertion mutation in vacA (8) were each metabolically labeled, and culture supernatants were analyzed. A radiolabeled 87-kDa band was detected in supernatant from the wild-type strain but not from the mutant (Fig. 2) .
These data indicate that VacA enters the extracellular space at relatively early time points via a selective secretory process, whereas most other H. pylori proteins enter the extracellular space at later time points via a less selective process. Scintillation counting indicated that culture supernatant proteins from a 72-h broth culture contained four-to fivefold higher levels of radioactivity (in counts per minute) than supernatant proteins from a 24-h culture, whereas there was no substantial increase during this time period in the radioactivity of bacterial cells (Table 1 ). In addition, the turbidity (judged by OD 600 ) of 72-h cultures was about 30% less than the maximum turbidity measured at earlier time points (Table 1 ). These data suggest that H. pylori releases proteins into the extracellular space as a result of autolysis.
Effect of culture medium composition on VacA secretion and autolysis. We next sought to determine whether rates of VacA secretion and autolysis were dependent upon the composition of the liquid culture medium. Two different media (SFBB as described above and methionine-and-cysteine-free RPMI 1640 medium [GIBCO BRL]) were inoculated simultaneously with H. pylori 60190, and proteins were metabolically radiolabeled. The efficiency of metabolic labeling of bacterial cells was about sevenfold greater in RPMI medium than in SFBB medium (data not shown). Diminished incorporation of [ 35 
S]methionine and [
35 S]cysteine into proteins of bacteria grown in SFBB medium may be attributable to the competitive effects of nonradioactive methionine and cysteine in the SFBB medium. Analysis of radiolabeled proteins in supernatant from SFBBbased cultures showed results similar to those in the first experiment, i.e., evidence of VacA secretion within 16 h and increasing autolysis at the 48-h time point (Fig. 3, top panel) . a H. pylori 60190 was metabolically labeled during growth in SFBB medium, and aliquots of the culture were removed at serial time points. Lysates of bacterial cells (500 l) and concentrated supernatant proteins (700 l) were prepared from each culture aliquot as described in Materials and Methods, and radioactivity was quantified by liquid scintillation counting.
b NA, not applicable.
tures (Fig. 3, lower panel) . A comparison of supernatant protein profiles with bacterial cell protein profiles indicates that substantial autolysis occurred within 16 h of inoculation of H. pylori into RPMI medium. Additional experiments indicated that radiolabeled proteins were released and detectable by autoradiography within 1 h of the addition of H. pylori to RPMI medium (data not shown). Further studies were carried out to investigate and compare the physiological condition of the bacteria in the two different media. The turbidity (judged by OD 600 ) of H. pylori cultures in SFBB medium increased over the first 24 h, whereas there was a progressive decrease in the OD of the culture in RPMI medium (Fig. 4, top panel) . In addition, the number of CFU remained stable in SFBB, but steadily decreased in RPMI medium (Fig. 4, bottom panel) . Thus, during culture in SFBB medium, bacterial growth seems to be balanced by a loss of bacterial viability, whereas during culture in RPMI medium, pared to intact bacterial cells from RPMI-based cultures (Fig.  5) . N-terminal sequence analysis of this band yielded the sequence MFTLRELPFA, which coincides with the sequence of the N terminus of H. pylori superoxide dismutase (SodB) (25, 31) .
Role of membrane vesicles in extracellular protein release. In addition to undergoing bacterial autolysis, H. pylori may release proteins in the form of membrane vesicles or blebs (12, 17, 30) . To identify proteins that may be components of such structures, H. pylori was incubated in methionine-and-cysteinefree RPMI medium for 24 h as described above, and then the culture was centrifuged at 17,000 ϫ g to remove intact bacteria. To pellet membranous material, the culture supernatant then was recentrifuged at 100,000 ϫ g for 60 min. As shown in Fig.  6 , several proteins were pelleted by ultracentrifugation (lane c), but most supernatant proteins remained soluble (lane b). This indicates that most H. pylori proteins released into the extracellular space are not components of membrane vesicles or blebs. The protein compositions of putative membrane vesicle preparations from RPMI and SFBB media were similar (Fig. 7) . One of the most prominent extracellular proteins pelleted by centrifugation at 100,000 ϫ g migrated at 19 kDa ( Fig. 6 and 7) . N-terminal sequence analysis of 19-kDa bands derived from RPMI-and SFBB-based culture supernatants yielded the same sequence (MLSKDIIKLL), which coincides with the sequence of the N terminus of non-heme iron-containing ferritin (Pfr) (9, 13) .
DISCUSSION
In summary, these results indicate that H. pylori proteins can enter the extracellular space via at least three different mechanisms. (i) An early, selective appearance of radiolabeled VacA in culture supernatant relative to other proteins, combined with its preferential localization in supernatant rather than the cell pellet, provides convincing evidence that VacA is specifically secreted. This conclusion is consistent with the structural organization of VacA, which is similar to that of the immunoglobulin A protease family of secreted proteins (8, 28, 33) . (ii) Nonselective entry of H. pylori proteins into culture supernatant, concomitant with a gradual decrease in the OD of broth cultures and loss of bacterial viability, is attributed to bacterial autolysis. The occurrence of autolysis in H. pylori has been proposed previously based on ultrastructural evidence of bacterial membrane fragmentation (26) and may account for the surface localization of proteins such as urease and HspB (11, 26) . (iii) Several previous studies have reported that H. pylori releases membrane vesicles or blebs (12, 17, 30) . Many extracellular proteins that are sedimented by ultracentrifugation are likely to be components of such membranous structures (17) . However, the 19-kDa protein (Pfr) is primarily a cytoplasmic protein (9, 13) , and therefore, we speculate that it is pelleted in the form of paracrystalline inclusions (9, 13) FIG. 5. Analysis of proteins released into the extracellular space during incubation of H. pylori in RPMI medium. H. pylori 60190 was grown for 24 h in 500 ml of SFBB, and the bacterial cells were then pelleted, washed in RPMI medium, and inoculated into 50 ml of methionine-and-cysteine-free RPMI medium. After incubation at 37°C for 24 h, the culture was centrifuged, and both cells and concentrated supernatant proteins (10 g of each protein) were separated by SDS-PAGE, electroblotted to PVDF paper, and stained with Coomassie blue. The indicated 25-kDa band in the supernatant (arrowhead) was excised, and N-terminal sequence analysis yielded a sequence (MFTLRELPFA) that coincides with the sequence of the N terminus of superoxide dismutase (25, 31 6 . Analysis of potential membrane bleb-associated proteins in H. pylori supernatant. H. pylori 60190 was grown for 24 h in 100 ml of SFBB, pelleted, washed, and then resuspended and incubated in 25 ml of methionine-and-cysteine-free RPMI medium for 24 h at 37°C. The culture was centrifuged at 17,000 ϫ g for 20 min to remove intact bacteria, and the supernatant was then recentrifuged at 100,000 ϫ g for 1 h. Proteins (5 g/lane) were separated by SDS-PAGE followed by visualization with silver staining. Lane a, bacterial cells pelleted by 17,000 ϫ g centrifugation; lane b, proteins remaining in supernatant after centrifugation at 100,000 ϫ g; and lane c, proteins present in supernatant after 17,000 ϫ g centrifugation and subsequently pelletted by centrifugation at 100,000 ϫ g. Molecular mass in kilodaltons is shown on the left. released from autolysed bacteria rather than as a component of membranous blebs.
An unexpected finding was that a 25-kDa protein corresponding to superoxide dismutase seemed to be selectively released into the extracellular space. In accordance with this observation, Spiegelhalder et al. demonstrated that superoxide dismutase is localized on the surface of H. pylori (31) . H. pylori superoxide dismutase does not contain an N-terminal signal sequence, and there are no contiguous genes in the genome of H. pylori 26695 (34) that encode putative proteins involved in secretory pathways. Thus, at present, there is no obvious explanation for the selective release of H. pylori superoxide dismutase into broth culture supernatant, but a specific secretion pathway must be considered. Similarly, a recent study concluded that H. pylori urease, HspA, and HspB are selectively released into the extracellular space, despite the absence of any known specific secretion pathways for these proteins (35) .
In this study, we noted that the rate of H. pylori autolysis is increased when organisms are incubated in RPMI medium compared to SFBB. Conversely, VacA secretion was more prominent in SFBB. SFBB is a rich culture medium prepared from animal tissue, yeast extract, and casein, whereas RPMI medium is comparatively sparse in nutrient content. In particular, the RPMI medium used in this study was free of alanine and methionine, both of which are thought to be essential amino acids for H. pylori growth (24, 27) . Thus, both autolysis and VacA secretion may be regulated phenomena that are influenced either by the composition of the bacterial culture medium or by the growth phase of the organism.
Autolysis of H. pylori potentially may serve several useful functions. One model suggests that the autolytic release of H. pylori proteins is a mechanism for evading host defenses, either by modifying surface properties of viable organisms or by overwhelming host defenses with decoy antigens (26) . Another model suggests that released proinflammatory H. pylori proteins enter the gastric mucosa, stimulate an inflammatory response, and thereby provide H. pylori with an enhanced supply of nutrients (2) . Finally, autolysis is an effective mechanism for releasing bacterial DNA, which can be taken up by viable, naturally competent organisms and used to generate recombinant alleles. Genetic recombination seems to have played an important role in the evolution of H. pylori (14, 32) and presumably provides a mechanism for generating diversity that is more rapid than mutation alone (1). Thus, autolysis may be an important adaptation that facilitates persistence of H. pylori in the gastric mucus layer.
